This study focuses on spatial variability of throughfall water and chemistry and forest floor water content within a Douglas fir (Pseudotsuga menziesii, Franco L.) forest plot. Spatial patterns of water and chemistry (NH 4 + , NO 3 -, SO 4 2-, Cl -, Mg 2+ , Ca 2+ , Na + and K + ) were compared and tested for stability over time. The spatial coefficient of variation (CV) was between 18 and 26% for amounts of throughfall water and ions, and 17% for forest floor water content. Concentrations and amounts of all ions were correlated significantly. Ion concentrations were negatively correlated with throughfall water amounts, but, except for NH 4 + , there was no such relation between throughfall water and ion amounts. Spatial patterns of throughfall water fluxes and forest floor water contents were consistent over time; patterns of ion fluxes were somewhat less stable. Because of the spatial variability of forest floor thickness and drainage, it was not possible to relate patterns in throughfall water directly to patterns in water content. The spatial variability of throughfall nitrogen and forest floor water contents can cause significant variability in NO 3 -production within the plot studied.
Introduction
Increased atmospheric deposition of nitrogen and sulphur has led to problems in forest ecosystems, such as soil acidification, unbalanced nutrition of trees and high leakage of nitrate towards groundwater (Aber et al., 1989; Magill et al., 1997; Van Breemen et al., 1982) . These problems have initiated intensive scientific research in the field of nitrogen cycling. Research has focused on field budget studies (Tietema and Verstraten, 1992) , field manipulation studies (Wright et al., 1995) , N modelling (Cosby et al., 1997; Whitehead et al., 1998) and laboratory experiments (Tietema and Van Dam, 1996) .
Generally, field studies are applied at a plot scale, and field experiments at a number of points within a field plot. Such studies have not been designed to sample the spatial heterogeneity that normally exists in a plot, because the questions driving the research required only a site average with preferably a small standard deviation (Vogt et al., 1995) . Although this low-resolution research is necessary, it does overlook a rich abundance of information found at a higher resolution. For example, individual plants may affect or respond to their environment at smaller scales. This is shown, for example, by Bouten et al. (1992) who found spatial patterns of root water uptake to be related to throughfall patterns around trees, especially in dry months. Ignoring spatial variability not only results in information being overlooked, it can also have considerable consequences for the reliability of the models (Harden and Joergensen, 2000; Parkin, 1993) and thus for the validity of the concepts derived from these models.
The temporal resolution of nitrogen research is generally in the order of weeks or months. A process like denitrification, however, has a very high temporal variability (Martin et al., 1999) . Short-term (hours, days) changes in, for example, soil water contents can have large effects on microbial transformations (Pulleman and Tietema, 1999) . Recently, short-term research, especially on so-called priming effects, has received more attention (Kuzyakov et al., 2000) .
Throughfall is an important pathway of nutrients to the forest floor. Forest floor water is important for the water and nutrient supply to plants, and forest floor water contents control several microbiological processes. Both throughfall water and ion fluxes and forest floor water contents have a high spatial and temporal variability. A number of studies has addressed the spatial variability of throughfall (Kimmins, 1973; Robson et al., 1994) and the distribution of throughfall, both ions and water, has been related to the distance from a tree stem (Beier et al., 1993; Pedersen, 1992; Whelan et al., 1998) . Generally, for coniferous forests, concentrations and fluxes of ions decrease and water fluxes increase with distance from the tree stem. Hansen et al. (1994) have addressed the short-term temporal variability of throughfall by analysing the changes in throughfall chemical composition during two rain showers in The Netherlands. They show that a significant portion of the yearly nitrogen throughfall can be added to the forest floor during a single shower. Schaap et al. (1997a) have shown that although forest floor water contents show high spatial variabilities within a field plot, their temporal dynamics are very similar. Schaap and co-workers also showed that the observed spatial patterns in forest floor water content are consistent over time. Despite its importance, research done on forest floor water dynamics and patterns is still scarce. In this study, throughfall water and chemistry and forest floor water content data for a Douglas fir forest subject to high levels of atmospheric N deposition, were analysed for small-scale, within-plot, spatial patterns. Throughfall and soil water data were collected by Draaijers et al. (1998) and Schaap et al. (1997a) , respectively. Time-stability of observed throughfall patterns and the correlation between patterns of different throughfall ions and throughfall water were assessed. In addition, the link between spatial patterns in throughfall water and patterns in forest floor water was examined by analysing forest floor water contents during six rain showers. For two of these showers, forest floor water temporal dynamics were compared with dynamics in nitrogen throughfall (throughfall data of Hansen et al., 1994) . In this paper, the results of these analyses are presented and the implications of the findings for N modelling and N process research are discussed.
Materials and methods

SITE DESCRIPTION
The Speuld research site is a 2.5 ha Douglas fir (Pseudotsuga menziesii, Franco L.) forest stand, located in the centre of The Netherlands. At the time of measurement (1992) (1993) , trees were 31 years old and 16 to 21 m high. Tree density varied between 785 and 1250 trees ha at the end of summer. There was no understorey vegetation. The forest floor had a thickness of 5.9 cm (Schaap et al., 1997a) , and was classified as a Moder humus form (Green et al., 1993) . The average forest floor water storage in winter was approximately 10 mm (Tiktak and Bouten, 1990) . The soil is a well-drained, acid, sandy Haplic Podzol (FAO, 1988) , formed from ice-pushed pre-glacial deposits of the river Rhine. The groundwater level was at 40 m depth throughout the year. Average precipitation was 834 mm yr -1 , while mean potential evapotranspiration was 712 mm yr -1 (Tiktak and Bouten, 1994) . Nitrogen deposition in throughfall amounted to 42 kg-N ha yr . Nitrogen transformations occurred mainly in the forest floor (Tietema et al., 1993) .
The (Draaijers et al., 1998) . Stemflow was not taken into account in this study; the stemflow ion flux in this forest was estimated to be 6% of the throughfall ion flux .
FOREST FLOOR WATER CONTENT MEASUREMENTS
Forest floor water contents were measured six to eight times a day with an automated TDR system (Heimovaara and Bouten, 1990) . Special interest was taken in the water content dynamics during six larger showers in the period between April 5 and July 6, 1993. TDR sensors, 35 cm in length, were installed horizontally about 10 cm apart in parallel in the forest floor. Five clusters of 6 sensors were used; the largest distance between the clusters was 10 m. Sensor depth ranged from 1.5 to 7.6 cm from the surface; the average depth was 3.4 cm. In this part of the forest stand, the thickness of the forest floor varied from 3.3 to 9.6 cm, with an average of 5.9 cm (6.0 kg m -2
). Reference is made to Schaap et al. (1997a, b) for a more detailed description of the forest floor water content measurements and TDR calibration in forest floor media.
TIME STABILITY OF SPATIAL PATTERNS
Two techniques were applied to investigate the temporal stability of observed spatial patterns. The first technique is the 'time stability' method described by Vachaud et al. (1985) . They and others (Gómez-Plaza et al., 2000) have applied this method to soil water storage data, but it may equally be applied to throughfall or other spatial data. For m periods and n locations, the method calculates the temporal average ( j δ ) and standard deviation of the relative difference δ t,j of a variable S t,j (t = time, j = location):
and
When ranked from smallest to largest and plotted, the j δ gives a good visual representation of the relative deviation of a variable from the plot mean at the various locations j within a plot (see, for example, Fig. 2 ). Averaged over time, locations at the left side of such a graph ( j δ < 0) are below the time-average plot mean and locations at the right side ( j δ > 0) are above average. This method was applied to the throughfall data for t = 9 periods and j = 25 locations (funnels).
The second technique, also applied by Vachaud et al. (1985) , is the non-parametric Spearman's test. Let R t,j be the rank of the variable S t,j observed at location j at time t and R t',j the rank of the same variable at the same location, but on date t'. The Spearman rank correlation coefficient is then calculated by
where n is the number of observations. A value of r s = 1 corresponds to identity of rank for any site, or perfect timestability between dates t and t'. The closer r s is to 1, the more stable in time the spatial pattern will be.
Results and discussion
SPATIAL PATTERNS OF THROUGHFALL
The total amounts of throughfall, both in terms of ions and water, were summed over the 9 periods ( Table 2 ). The ratio of the highest to the lowest catch in a funnel was 2.2, 2.8, 2.6 and 2.8 for water, NH 4 + , NO 3 -and total inorganic-N, respectively. The coefficient of variation (CV) for these variables was 21, 26, 19 and 24%. These ratios and CVs show a significant spread in throughfall ion and water input within the field plot. For water, however, the ratio and CV are considerably lower than the 3.5 and 30% recorded by Bouten et al. (1992) for the same forest over a 18 months period in [1988] [1989] [1990] . The funnels they used had a slightly larger collection surface than those used here (480 v. 320 cm 2 ), which should generally result in a smaller rather than a larger CV. There are two possible explanations for the lower CV in the present study. Firstly, Bouten et al. (1992) conducted their measurements at a different location within the forest stand. Tree density varies between 785 and 1250 trees ha -1 within the forest stand; a higher tree density generally results in a lower CV. Secondly, the periods in which the present study was undertaken were characterised by relatively high amounts of precipitation. Throughfall shows less spatial variation in periods with high rain intensities (Bouten et al., 1992 Table 3 . (Spatial) coefficients of variation (CV, %) of throughfall in this and four other studies in coniferous forests: Pedersen (1992), Beier et al. (1993) , Seiler and Matzner (1995) and Whelan et al. (1998) . CVs of ions in Pedersen (1992) and Seiler and Matzner (1995) refer to time-average concentrations; all other studies refer to amounts. CVs in Whelan et al. (1998) are for individual collection periods of 9 to 17 days length. CVs in Pedersen (1992) refer to three even-aged Sitka spruce forests.
present study Pedersen Beier et al. Seiler and Whelan et al. Matzner (n = 25) Pedersen (1992) in three Sitka spruce stands (Table 3 ). The funnel collection area used in this study is larger than the collection area used in these other studies, which could explain the smaller CVs in this study. Seiler and Matzner (1995) attributed the small CV for NH 4 + in their study to foliar uptake of NH 4 + (and NO 3 -), counteracting the enlarging effect that dry deposition generally has on ion throughfall flux spatial variability. At Speuld, there is some retention of NH x and NO x in the canopy (Draaijers et al., 1997) , but this retention is insufficiently large to counteract the relatively high NH x and NO x deposition in this forest. Consequently, these CVs for throughfall NH 4 + and NO 3 -will not be influenced significantly by foliar uptake.
Time-average ion concentrations of funnels, being the total ion input during the collection period (107 days) divided by the total amount of throughfall water, were positively correlated with one another and negatively correlated with the amount of throughfall water (Table 4 and Fig. 1) . The strong correlations between all ions occur, even though Fig. 1 . Scatter plots of throughfall water amounts and time-average concentrations, and time-average concentrations mutually (upper-right) and of throughfall water amounts and ion amounts, and throughfall ion amounts mutually (lower-left) . Spearman rank correlations (r) are given; see Table 4 and 5 for significance of correlations. (Draaijers et al., 1997) . Whelan et al. (1998) also found similarities in the spatial patterns of ions with apparently different sources. They suggested that these similarities occur because both foliar leaching and dry deposition are influenced by the density of needle biomass per area ground surface. Wet deposition is independent of the density of needle biomass per area ground surface, but as such, does not affect a positive correlation between ions for which wet deposition is an important (e.g. NO 3 -) or an unimportant (e.g. SO 4 2-) source.
Negative correlations between time-average ion concentrations and throughfall water amounts (Table 4) have been reported by others (Robson et al., 1994) . Both Beier et al. (1993) and Whelan et al. (1998) found an increase in the amount of throughfall water and a decrease in ion concentrations with distance from the tree stem. The increase in throughfall amount may be attributed to translocation of water in the canopy and higher interception losses close to the tree stem, where the amount of needle biomass per area is higher. The higher needle biomass also enhances particle deposition and foliar leaching close to the tree stem. This should then also result in higher ion fluxes close to the tree. No significant (negative) correlations between throughfall ion amounts and water amounts were found in this study, except for NH 4 + (r = -0.438, p = 0.05; Table 5 and Fig. 1 ). This suggests that the observed negative correlation between water amounts and ion concentrations, except for NH 4 + , merely reflects water interception losses. Bouten et al. (1992) showed that in Speuld the throughfall ratio of a specific funnel, defined as the amount of throughfall water collected in that funnel relative to the stand average throughfall (collection time 1 week), has a high variation for weeks with little rainfall and converges to a constant value for weeks with much rain. The funnel-specific throughfall was thus more predictable in weeks with relatively much rain. This is partly supported by the data. Figure 2A shows the ranked plots of the temporal average of the relative difference ( j δ ) for throughfall water amounts. The error bars indicate the considerable spread around each average. The Spearman rank correlations (Table 6A) , however, show that the rankings of funnels for throughfall water amounts are significantly correlated for almost all periods. Only the rankings of periods 1 and 4 and periods 1 and 7 are not significantly correlated. Period 1 was characterised by a relatively small amount of throughfall water, giving support to the findings of Bouten et al. (1992) . However, this period was significantly correlated to the remaining 6 periods. The amount of throughfall water collected by an individual funnel relative to the plot average can thus be predicted well.
TIME-STABILITY OF SPATIAL PATTERNS OF THROUGHFALL
Error bars and Spearman rank correlation coefficients for NH 4 + amounts ( Fig. 2B and Table 6B) show that the temporal stability of the NH 4 + throughfall flux patterns is less than the temporal stability of the throughfall water fluxes. For NO 3 -and K + amounts, however, except for period 1, rankings of most periods are significantly correlated (Table  6 and Fig. 2C-D) . Whelan et al. (1998) have also noted that spatial patterns of throughfall ion fluxes are less consistent than throughfall water fluxes.
LINKING THROUGHFALL WATER AND FOREST FLOOR WATER CONTENTS
Using the same TDR data, Schaap et al. (1997a) showed that there are clear spatial patterns in forest floor water contents and that these are consistent over time. The difference in water contents between wet and dry spots Note: n = 25, *p = 0.05, **p = 0.01 (two-tailed) , the CV amounted to 17% (n = 30). These water contents were corrected for sensor depth (reference sensor depth is 3.4 cm) using a correction of 0.020 m per cm of installed depth (Schaap et al., 1997a) .
Although the temporal dynamics of the sensors are very similar (Fig. 3A) , Fig. 3B shows that standard deviation of the water content increases sharply on days with rain. This may be attributed to spatial variability in throughfall, drainage dynamics and/or thickness of the forest floor (Schaap et al., 1997a) . The increase in forest floor water content (expressed in m ) after a rain shower was spatially variable, but observed patterns were consistent over time (Fig. 4 and Table 7 ). The increase was similar for sensors installed at different depths within a profile, indicating that the throughfall water was distributed evenly over the forest floor profile. There was a small, but significant correlation (r = 0.438, p = 0.05) between the time-average water content (April 5-July 6, 1993) of a sensor and the strength of the reaction of the sensor to a rain shower. Although this indicates that wet spots react to rain more fiercely than dry spots, this does not necessarily mean that there is a direct relationship between throughfall and forest floor water spatial patterns. During showers II (April 18, 1993) and V (June 16, 1993) of the six main shower events studied in detail, 20 and 12 mm of throughfall were recorded . The average increase in forest floor water content after these showers was 0.11 and 0.12 m and only 2.2% of the root water uptake was derived from the forest floor (Schaap et al., 1997a) . This indicates that most of the excess throughfall water drained rapidly to the mineral soil, which is supported by the similar dynamics of water contents in the top mineral soil and forest floor (Fig. 3C) .
IMPLICATIONS FOR N MODELLING AND N PROCESS RESEARCH
Spatial variability influences the performance and reliability of non-linear ecosystem models (Beier, 1998; Heuvelink and Pebesma, 1999) . This also holds true for a semidistributed model like INCA (Whitehead et al., 1998) , which, in essence, treats land units as perfectly homogeneous blocks. When model input is available at the point support and model output is required at the block support, which applies to almost all ecosystem models, spatial aggregation should take place after the model is run (Heuvelink and Pebesma, 1999) . The throughfall data of the individual funnels provide the means to follow these instructions and, as such, to test the sensitivity of the INCA model for spatial variability. It should be noted that although spatial patterns of forest floor water content could not be related directly to throughfall water patterns, this does not mean there cannot be a strong relationship between throughfall and drainage patterns. When running a model like INCA for every individual throughfall funnel before aggregating the results, throughfall and drainage patterns will be linked directly as a result of the model structure. However, there may be an important feedback of root water uptake to spatial patterns in soil water, which is ignored unless it is built into the model. In the Speuld forest stand, spatial patterns of root water uptake were related to throughfall patterns around trees (Bouten et al., 1992) . Nitrification and mineralisation rates increase from dry to wet conditions . When using the relationships as reported by . If the forest floor were of uniform thickness, nitrate production within a field plot could thus vary by a factor of 3 simply because of spatial variability in moisture content. Variations in net mineralisation within a plot would be small as net mineralisation rates are constant for gravimetric moisture contents higher than 140% . The present throughfall data show that there are clear 'hotspots' and 'coldspots' of throughfall inorganic-N input to the forest floor. Differences between these spots are a factor of 2.8. This factor and the possibly large differences in nitrification rates caused by spatial variability in moisture contents, could explain a large part of the high 'spatial' CV for soil water NH 4 + and NO 3 -concentrations reported in the literature (Manderscheid and Matzner, 1995) .
During showers II and V of the six showers studied in detail, Hansen et al. (1994) recorded a total inorganic-N input by throughfall of 194 and 114 mol-N ha -1 , respectively. This is approximately 6.5 and 3.8% of the yearly throughfall inorganic-N input. As mentioned, the average increase in forest floor water content after these showers was 0.11 and 0.12 m 3 m -3 or 119 and 130%, respectively. In the dry period after shower II, it took about eight days to return to the initial water content. Pulleman and Tietema (1999) showed that drying and rewetting of forest floor material has a profound influence on microbial transformation rates. Following these data and the data of Hansen et al. (1994) , it should be noted that rewetting of the forest floor also means an addition of inorganic-N to the forest floor. As such, socalled priming effects (strong short-term changes in microbial turnover in soils; Kuzyakov et al., 2000) should not just be studied for water or nitrogen addition alone, but for both water and nitrogen addition.
Conclusions
In a Douglas fir forest, both throughfall ion and water inputs, as well as forest floor water contents, show distinct smallscale spatial patterns that are consistent with time. Throughfall ion concentrations and water fluxes are negatively correlated, but, except for NH 4 + , no such relation could be demonstrated between throughfall ion fluxes and water fluxes. Spatial patterns in forest floor water contents are a result of patterns in forest floor thickness, drainage to the mineral soil and throughfall. As such, it is not possible to relate spatial patterns in throughfall directly to patterns in forest floor water content.
The spatial variability in nitrogen input to, and water contents of the forest floor are considerable and important for microbial transformations. The temporal dynamics of nitrogen input and water contents show that rewetting of the forest floor also means addition of inorganic-N to the forest floor. The results presented here have profound implications for N process research and for modelling of nitrogen in forest ecosystems.
